The use of retroviral vectors for gene transfer into animals has been severely hampered by the lack of provirus transcription in the early embryo and embryonic stem (ES) cells. This primary block in provirus expression is maintained in differentiated cells by a cis-acting mechanism that is not well characterized. Retroviral vectors based on the murine embryonal stem cell virus (MESV), which overcome the transcriptional block in ES cells, were constructed to investigate this secondary mechanism. These vectors transferred G418 resistance to ES cells with the same efficiency as to fibroblasts, but overall transcript levels were greatly reduced. A mosaic but stable expression pattern was observed when single cells from G418-resistant clones were replated in G418 or assayed for expression of LacZ or interleukin-3. The expression levels in independent clones were variable and correlated inversely with methylation. However, a second, more pronounced, block to transcription was found upon differentiation induction. Differentiation of the infected ES cells to cells permissive for retroviral expression resulted in repression and complete extinction of provirus expression. Extinction was not accompanied by increased levels of methylation. Provirus expression is thus regulated by two independent cis-acting mechanisms: (i) partial repression in the undifferentiated state, accompanied by increased methylation but compatible with long-term, low expression of retroviral genes, and (ii) total repression and extinction during early stages of differentiation, apparently independent of changes in methylation. These results indicate a time window early during the transition from an undifferentiated to a differentiated stage in which provirus expression is silenced. The mechanisms are presently unknown, but elucidation of these events will have an important impact on vector development for targeting stem cells and for gene therapy.
Due to their high efficiency of transfer into a wide range of cell types, their precise integration into the host genome, and their stable expression compared to transfected DNA, retroviral vectors have proven invaluable in studies aimed at understanding gene function and control in normal development and oncogenesis. In these studies, retroviruses have been implemented in three important ways: (i) as vectors to introduce and express different genes into several cell types (13, 34, 58) , (ii) as markers to trace differentiation lineages (10, 33, 60) , and (iii) as insertional mutagens to mutate and tag genes associated with specific phenotypes (38, 55, 64) . The extended use of retroviruses in these types of studies has been significantly hampered by a block to permissive infection in totipotent embryonic carcinoma (EC) and embryonic stem (ES) cells and in the early embryo (18, 30, 51) .
Two blocks to permissive provirus expression in ES cells and their differentiated derivatives have been described. The first block is at the level of transcription; this is apparent immediately after infection and is attributable to trans-acting factors (22, 29, 36, 61, 65) . In contrast, the second restriction is poorly characterized, occurs at an unknown time point, and acts in cis to maintain the initial block in transcription. The second block was identified in early studies which showed that differentiation induction or cell fusion relieved the first block to virus infection, as demonstrated by de novo infection, but did not permit expression of provirus that had integrated prior to differentiation (4, 19, 21, 43) .
Through the analysis of retroviral mutants, we have developed a retrovirus that overcomes the block to retroviral transcription in ES cells (17, 22, 26, 56) and thus have been able to define some of the mechanisms responsible for the primary block to expression. This virus, the murine embryonal stem cell virus (MESV), differs from the prototype Moloney murine leukemia virus (Mo-MuLV), whose expression is restricted in EC and ES cells, in three important ways ( Fig. 1 ): (i) the presence of a high-affinity binding site for the Sp1 transcription factor (23, 49) ; (ii) the disruption of the binding site for the embryonic long terminal repeat (LTR)-binding protein, also known as EC cell factor I, which acts as a transcriptional repressor (1, 67, 68) ; and (iii) most importantly, the elimination of a negative regulatory element (NRE) coincident with the proline tRNA primer-binding site (PBS) of Mo-MuLV (5, 22, 36, 70) . The NRE-binding factor (factor A) is a potent repressor of LTR-mediated transcription in ES cells (9, 47) . Importantly, activating mutations in the LTR are not sufficient to overcome the repressor activity of the NRE (12, 23) ; thus, only retroviruses such as MESV with mutations both in the LTR and the NRE are transcriptionally active in ES cells.
Although the mechanisms which govern the first block in expression of retroviral vectors in ES cells are thus well understood, very little is known regarding the cis-acting mechanism which maintains the block in expression in a permissive cell environment. The importance of methylation in reinforcing the expression block has long been discussed, due to a high correlation between degree of methylation and expression of the provirus (9, 24, 32) . However, although several studies have shown that abolition of methylation by treatment with the methyltransferase inhibitor 5-azacytidine reactivates provirus expression in a permissive state, these studies are not conclusive, as the actual extent of virus activation could not be measured due to virus spread (19, 31, 63) . Another uncertainty has been the time point at which this second maintenance block occurs. The ability to productively infect early differentiated cultures of EC and ES cells defined a relatively early stage (Ͻ7 to 10 days postdifferentiation) where both blocks are relieved (4, 56) . Because methylation occurs at approximately 8 days postinfection in the undifferentiated stage, that is, in a delayed response to the first block, it has been suggested that this event is coincident with the second block (19, 43) . Alternatively, one cannot exclude the possibility that the second block does not occur in the undifferentiated state but occurs only after differentiation has been induced. Along the same line, it is possible that independent blocks may occur at both time points. Importantly, without retroviral vectors that are permissive for transcription in undifferentiated ES cells, neither the importance of methylation nor the events leading to extinction of provirus expression in the differentiated stage can be studied.
In the study presented here, we developed MESV-based retroviral vectors that are able to efficiently transfer and express genes in undifferentiated ES cells. By using various marker genes, expression levels in individual cells before and after differentiation were monitored. Experiments were designed to test (i) whether LTR-mediated transcription in ES cells is subjected to extinction by secondary events, (ii) the role of methylation in provirus repression, and (iii) the influence of differentiation induction both in vitro and in vivo on provirus expression.
(Part of this work was completed as part of the doctoral thesis of A.S. from the Fachbereich Chemie, Universität Hamburg.)
MATERIALS AND METHODS

Cell lines and virus preparation and infection.
Three different ES cell lines derived from mouse strain 129 were used in the experiments described here: CCE (51), W9.5 (C. Stewart, Frederick, Md.), and R1 (40) . Cell lines were normally maintained on embryonic fibroblasts as a feeder. G418-resistant feeders were derived from transgenic mice expressing the Tn5 neomycin resistance (Neo r ) gene. To facilitate experimental procedures, cells were removed from the feeder and the medium was supplemented with 1,000 U of leukemia inhibitory factor (LIF) per ml to maintain the undifferentiated phenotype. All ES cell lines were maintained in Dulbecco modified Eagle medium with 15% fetal calf serum (FCS), 1 mM glutamine, 1 mM sodium pyruvate, 1% nonessential amino acids, and 150 M ␣-monothioglycerol.
The packaging cell lines GPϩE86 and GP-envAm12 (39) were used to generate infectious virus particles containing the MESV-based vectors. Recombinant DNA constructs were transfected into GPϩE86 cell lines by electroporation (6) , and 24-h supernatants were used to infect the amphotropic producer GPϩenvAm12 cells. The presence of intact provirus was ascertained by Southern blot analysis.
Construction of MESV-based retroviral vectors. The MESV plasmid p5Gneo (22) was used as the basis for all vectors in this study. MESVneo (p5O-neo; R228) is a minimal MESV vector in which all sequences from the NarI site in gag to the ClaI site in env of MESV were deleted, leaving basically only LTR and packaging sequences from MESV. The entire wild-type Tn5 coding region of the Neo r gene, in which the AUG has been altered for higher expression in eukaryotes, was inserted at the NarI-ClaI junction site. MPEVneo (p5O-Mneo; R229) is identical to MESVneo except that the 3Ј LTR was replaced with that of myeloproliferative sarcoma virus (MPSV) (66) at the NheI site. One round of replication results in an MESV vector with MPSV sequences in the U3 region of the LTR. Due to our previous success in using splicing vectors for expressing two genes, thus eliminating the problem of promoter interference, the 3Ј splicing signals of MPSV (34) were inserted into the NarI-ClaI junction of MESVneo, in which a polylinker had been inserted. The Neo r gene was inserted either downstream or upstream of these signals to generate MESV-Xneo (p5O-Xneo) and MESV-neoX (p5O-neoX), respectively, which express the Neo r gene from a spliced or full-length message, respectively. The murine interleukin-3 (IL-3) or the lacZ cDNA was introduced into p5O-Xneo or p5O-neoX. As splicing is relatively inefficient, the second gene is expressed at significantly reduced levels; however, these levels are sufficient for obtaining biological activity and are sometimes better suited to evaluate the normal function of a gene. To replace the ␤-actin promoter-enhancer with that of the MESV LTR, a 277-bp XhoI-HinfI fragment of pP1-CAT (37) containing sequences ϩ1 to Ϫ277 of the ␤-actin gene (50) was inserted in the Sau3A-BssHII site of the 3Ј LTR of MESV-Xneo.
Virus titration and monitoring of expression levels. Supernatants containing pseudotyped retroviral vectors were harvested from amphotropic packaging cell lines, and titers were determined on either ES or NIH 3T3 cells plated in 24-well plates. As ES cells show spreading, titers were determined by end point dilution of virus (fivefold serial dilutions). All infections were performed in triplicate. At 24 h after infection, G418 (400 g/ml) selection was applied, and G418-resistant colonies were counted at 10 to 14 days postinfection and expressed as Neo r CFU. Expression levels in infected cells were determined by IL-3 activity in supernatants of cells with vectors carrying both the IL-3 and Neo r cDNAs. After G418 selection, mass cultures or clonal cell lines were seeded at a density of 5 ϫ 10 4 /ml. A 24-h cell-free supernatant was collected from confluent cultures and tested for biological activity by titration (serial threefold dilutions) on the IL-3-dependent 32D target cells (200 cells/well) in Terasaki plates. Cell numbers were determined at various time points. One unit was empirically set as the amount required for half-maximal stimulation of the target cells. This assay system has a high sensitivity and allows detection of small amounts of activity (0.1 U/ml). In differentiation assays of ES cells, cell counts were determined immediately after the supernatant was harvested for IL-3 assays, and thus IL3 activity is expressed as units per milliliter per 10 6 producing cells. Virus expression in individual cells was determined by staining for ␤-galactosidase activity in vectors expressing both the Escherichia coli lacZ gene and Neo In vitro and in vivo differentiation of ES cells. In vitro differentiation was induced by removal of feeder in the absence of LIF and plating on gelatinized plates in Dulbecco modified Eagle medium supplemented with 20% FCS, 1 mM glutamine, 1 mM sodium pyruvate, 1% nonessential amino acids, and 450 M ␣-monothioglycerol. Medium changes were performed every day.
The tetraploid aggregation technique (41) was used to obtain ES cell-derived hematopoietic cells. Briefly, primary embryos from CD1 outbred mice were collected at day 1.5 postcoitus as two-cell-stage embryos and electrofused (nonelectrolyte conditions, 93 V, 30 s, 0.6 to 0.8 V AC, CF 100 pulser [BLS, Budapest, Hungary]). On the following day, two tetraploid embryos were aggregated with 10 to 15 vector-carrying R1 ES cells by the sandwich technique and cultured overnight. Day 3.5 blastocysts were transferred to day 2.5 pseudopregnant foster mothers. At day 15.5 of gestation, the foster mothers were sacrificed and the fetuses were analyzed. Cell suspensions from fetal livers were prepared and split into appropriate aliquots for glucose phosphate isomerase (GPI) analysis, DNA and RNA extraction, and cell culture. A GPI assay was performed as described elsewhere (41) to confirm ES origin. R1 ES cells are of GPI genotype AA, whereas CD1 embryos were obtained from matings of GPI AB females with GPI BB males, producing either GPI AB or BB genotypes. Freeze-thawed cell lysates from all specimens were prepared in sample buffer and loaded on a cellulose acetate isoelectric focusing gel. Controls were wild-type GPI AB or BB CD1 embryos. Culture of fetal liver cells. Aliquots of fetal liver cell suspensions were used to initiate mass cultures (Iscove modified Eagle medium, 10% FCS plus 2 mM glutamine, with or without 1% BPV conditioned medium, as a source of murine IL-3) or single-cell assays. Colony assays of fetal liver cells were performed by the original procedure of Iscove and Sieber (28) . Briefly, cells were seeded at 1.25 ϫ 10 6 cells/ml/dish in 0.8% Methocel (Fluka) in Iscove modified Eagle medium supplemented with 10% FCS, 2 mM glutamine, iron-saturated transferrin (0.23 mg/ml), and 10 Ϫ4 M ␣-monothioglycerol. BPV conditioned medium was used as a source of murine IL-3 (10 U/ml; 1 U was standardized as half-maximum stimulation of 10 4 32D cells). Human recombinant erythropoietin (Boehringer Mannheim) was used at a final concentration of 5 U/ml/dish.
RESULTS
MESV-based vectors have a high efficiency of transfer into ES cells.
A series of recombinant retroviral vectors based on the previously described MESV (22) were constructed and are depicted in Fig. 2 . These vectors incorporated all three regions (described above) that are necessary to overcome the retroviral transcription block in ES cells. In some constructs, the MESV LTR was replaced with that of MPSV. As the MESV LTR originated from an MPSV mutant with high expression levels in PCC4 EC cells (17, 26) , it was of interest to determine if the loss of one direct repeat also improved expression in ES cells. The bacterial lacZ gene, encoding ␤-galactosidase (␤-Gal), and the murine IL-3 cDNA, encoding the growth factor IL-3, were chosen as secondary markers. They offer the advantages of detecting expression in individual cells and providing a very sensitive assay for measuring expression, respectively.
In initial experiments, the relative efficiency of Neo r transfer into ES cells compared to fibroblasts was determined with the new MESV vectors. As shown in Table 1 , the ratio of Neo r CFU per milliliter in infected ES cells to that in NIH 3T3 cells was greater than 1 when either MESVneo (MESV LTR) or MPEVneo (MPSV LTR) was used. This is in striking contrast to the case for a similar construct, MPSVneo, also driven by the MPSV LTR but with an MPSV PBS (34) , which showed a greater than 4 orders of magnitude reduction in efficiency of transfer to ES cells. These results underline the importance of the NRE downstream of the 5Ј LTR in regulating LTR-mediated transcription efficiency in ES cells. No significant difference between the MESV and MPSV LTRs was observed.
A fivefold reduction in transfer efficiency to ES cells was seen with retroviral constructs with the Neo r gene expressed from a spliced mRNA (Table 1) . Similar results were obtained whether the IL-3 or the lacZ gene was incorporated into the vector. Viral titers on fibroblasts of such constructs did not vary significantly from those with vectors in which the Neo r gene was expressed from a genomic-length mRNA. These results suggest that the absolute levels of vector expression may vary between the two cell lines. As Neo r transfer efficiency does not reflect absolute expression levels but rather reflects a nonlinear threshold, we used the MESV-IL3neo R vector to quantitate expression levels in fibroblasts versus ES cells. IL-3 expression levels in transduced fibroblasts and R1 ES cells were measured after G418 selection. Levels of biologically active IL-3 from ES cells expressing the high-expression vector MESV-IL3neo R were approximately 50-fold lower than those from fibroblasts transduced with the same vector (an average of 11 U/ml for six independent ES clones [range, 1.6 to 50 U/ml] versus 500 U/ml for fibroblasts). These results were consistent with an observed difference in RNA transcript levels of MESVneo in ES cells versus fibroblasts (Fig. 3) and thus are not caused by differences in translation efficiencies or protein stability.
In conclusion, both MESVneo and MPEVneo vectors can transduce G418 resistance to ES cells with the same efficiency as to fibroblasts. However, by using vectors carrying the IL-3 cDNA, it could be shown that the absolute expression levels of these vectors are 50-fold lower in ES cells than in fibroblasts.
MESV-based constructs in undifferentiated ES cells exhibit a stable but mosaic expression pattern that is integration site dependent. The difference in expression levels of the integrated provirus in ES versus NIH 3T3 cells could be due to an overall reduced rate of transcription, as proposed to occur with a graded mode of enhancer action (35) , or could be due to a mosaic expression pattern generated by a binary mode of enhancer action (69) . In the latter mode, the stability of expression would depend on the ability of the integrated provirus to create and maintain a domain permissive for transcription. To determine which mechanism was responsible for the low levels of expression in ES cells, NIH 3T3 fibroblasts and W9.5 ES cells were infected with MESV-lacZneo R . Neo r clones were isolated, checked for the integrity of the construct by Southern blot analysis (data not shown), and seeded onto Neo r feeders at various concentrations (10 2 to 10 4 cells/plate). Colonies were stained for LacZ expression. Whereas microscopic inspection revealed a homogenous and 100% staining pattern in infected fibroblast cultures of six independent colonies, a heterogeneous pattern of ␤-Gal expression was observed in W9.5 cells. The percentage of ␤-Gal-positive colonies for six independent clones ranged from 5 to 80% (see Table 3 ; undifferentiated controls). Within a positive clone, the staining of individual cells ranged from 10 to 100% and the staining intensity varied from weakly positive to strong, roughly correlating with the incidence of positive cells (data not shown). Significantly, the distribution pattern of ␤-Gal-positive colonies for any individual clone, as well as their staining intensity, was stable in up to 10 independent experiments. Similar results
FIG. 2. Schematic diagram of MESV-based vectors used in experiments.
Depicted are the integrated proviruses after one round of replication. In MPEV and AcEV, the U3 region of the LTR is derived from MPSV (dark gray) or the actin promoter (striped). X denotes any cDNA, in this case that for either IL-3 or lacZ. Triangles mark positions of splicing signals. Details are presented in Materials and Methods.
were obtained in MESV-lacZneo R -infected CCE ES cells. Notably, the frequencies of extinction were comparable in both assays (Table 2) . Thus, transcription repression occurred in a stochastic, discontinuous fashion. As each clone represents a unique single integration site, the provirus expression pattern must also be dependent on the integration site. Thus, whether measured by ␤-Gal expression or G418 resistance, a high frequency of extinction of LTR-mediated transcription was observed in infected ES cells.
In addition to determination of the number of ␤-Gal-positive Neo r colonies, colonies plated without selection were also scored for ␤-Gal expression to determine if transcription repression was reversible. If irreversible, a culture held under G418 selection would constantly lose a subset of cells in which transcription was completely repressed. Cells held without selection would thus maintain a constantly increasing, nonexpressing population. Significantly, the percentages of colonies were similar whether determined from Neo r colonies or unselected colonies (Table 2 ). These results suggest that total extinction has not occurred. To rule out that this result was not due to differences in the assay systems or to the time frame analyzed, parallel cultures of four independent clones of MPEV-lacZneo R were maintained with or without G418 selection over a period of 3 weeks. At 2-to 4-day intervals, cell aliquots were taken and cloning efficiency in the absence or presence of G418 was determined. Although cultures main- tained without G418 gave rise to approximately 80% fewer and smaller colonies than parallel cultures held with G418, no change in the ratio of Neo r colonies between the two cultures was observed with time for any of the four clones tested. These results show that MESV vector expression is low and is subject to stochastic repression but is stable. The low absolute expression levels, measured by both RNA and protein levels, in infected ES cultures compared to fibroblasts is thus probably in part due to a relatively high repression frequency. The variability of expression levels between clones indicates the importance of the proviral integration site in determining the frequency of extinction.
Expression levels correlate with methylation of the proviral genome. A high level of methylation has been correlated with inactivated provirus in EC and ES cells (19, 43, 63) . To determine if MESV expression levels could be linked to methylation levels, we examined the methylation pattern of the provirus in infected ES cells. For this purpose, genomic DNA was isolated from three different clones of MESV-lacZneo R -infected W9.5 ES cells with either high (clone 2), intermediate (clone 5), or low (clone 6) LacZ activity. Parallel cultures were stained for ␤-Gal to ascertain the functional activity of the construct within the experiment. DNAs were subjected to double digestion with the restriction enzyme EcoRV and either the methylation-sensitive SacII or SmaI-enzyme. The methylation-insensitive SmaI isochizomer XmaI was used as a control. In combination with probes specific for the Neo r and lacZ genes, this restriction analysis allows the detection of methylated sites in the provirus (Fig. 4) . DNA of infected NIH 3T3 fibroblasts, displaying 100% LacZ activity in staining assays, was fully digested by the methylation-sensitive SmaI enzyme, resolving the 2.5-kb EcoRV band detectable with a lacZ probe to a 1.2-kb fragment (the second 2.2-kb EcoRV band does not contain a SmaI site) (Fig. 4, upper gels) or resolving the 1.9-kb Neo r -specific EcoRV fragment to a 1.1-kb band (Fig. 4 , lower gels). In contrast, DNAs from all three infected W9.5 ES clones showed partial to almost complete resistance to SmaI digestion, as evidenced by the persistence of the 2.5-kb band after SmaI digestion. DNA extracted from clone 2, with 83% ␤-Gal-positive colonies, showed only partial resistance to SmaI digestion, whereas those from clones 5 and 6, with 32 and 7% ␤-Gal-positive colonies, respectively, exhibited almost complete SmaI resistance (i.e., the degree of methylation was even more pronounced). All methylation sites tested throughout the retroviral genome were affected. Similar results were obtained with SacII and hybridization with the lacZ probe (Fig. 4) . In the three clones examined, the degree of methylation and the levels of LacZ activity were inversely correlated. Even though no causal relationship can be inferred, it can still be concluded that the low rates of LTR-mediated transcription are accompanied by increased methylation.
In vitro differentiation results in extinction of MESV vector expression. ES cell differentiation is known to be accompanied by vast changes in gene expression due to establishment of tissue-specific gene expression patterns. It has previously been shown that despite these changes, Mo-MuLV provirus blocked by the cis-acting, secondary block in ES or EC cells remains transcriptionally inert after cell differentiation into a viruspermissive stage. To test if the MESV-based vectors are able to escape this irreversible block to extinction, infected ES cells were subjected to in vitro differentiation.
In a simple in vitro assay, six clones with different basal MESV LacZ expression levels were seeded at different cell densities (10 2 to 10 4 cells/plate) under either differentiating (gelatinized tissue culture plates without feeder or LIF) or, as a control, nondifferentiating (with feeders plus LIF) conditions. Parallel cultures were stained for ␤-Gal at 24-h intervals from day 3 to 8. As summarized in Table 3 , provirus expression was repressed in all clones analyzed. Indeed, in half of the clones the retroviral vector underwent complete silencing during differentiation. Even in clones in which ␤-Gal activity was detected, the levels were reduced by up to 60% of that in the undifferentiated controls. With only one exception (clone 3), expression was completely lost in all clones with 25% or fewer ␤-Gal-positive cells. Thus, not only did differentiation induction fail to increase virus expression, in most cases complete extinction occurred.
To rule out the possibility that the lack of ␤-Gal detection was due to metabolic limitations, we applied a similar differentiation protocol to ES cells transduced with a MESVIL3neo R construct. In parallel cultures, R1-MESV-IL3neo R ES cells were exposed to differentiation-and non-differentiation-inducing conditions. Conditioned media for confluent cultures were tested for IL-3 activity on 32D indicator cells and corrected for cell counts (units per milliliter per 10 6 cells). The results are shown in Table 4 analyzed. IL-3 levels were decreased by 60 to 95% compared to those in undifferentiated controls, although in contrast to the lacZ analysis, activity was detected in all clones. This may reflect the highly sensitive method of detection.
Importantly, no upregulation of expression was observed in either the W9.5 or R1 ES cells expressing the lacZ or IL-3 vector, respectively, in a total of 15 independent integration sites analyzed. This is consistent with a cis-mediated block that prevents the upregulation of expression, even if the appropriate transcription factors are expressed or if the chromosome environment has become more permissive for expression during differentiation. The expression block observed in the differentiated cells probably occurred during early stages of differentiation induction, since expression in undifferentiated clones remained stable.
Silencing of MESV vectors during in vitro differentiation is not correlated with the degree of methylation. To determine if the methylation pattern of the proviral DNA had altered during differentiation, DNA was prepared from parallel cultures in a time course experiment. DNA digests of either clone 2, in which LacZ expression levels were basically maintained throughout differentiation (75% of that for the undifferentiated control), or clone 5, in which LacZ expression is completely silenced during differentiation, were prepared as described above and probed with a lacZ fragment. No obvious change in methylation was detected in either clone (Fig. 5) , although in both cases an approximately 25 to 50% reduction in the total number of clones expressing LacZ was observed. This suggests that de novo methylation occurs after transcriptional extinction and is not a causative factor, in agreement with earlier studies (19, 43) .
Extinction of MESV expression after in vivo differentiation. Although the results obtained from in vitro differentiation assays suggested that the integrated provirus was partially or fully blocked in expression as a result of differentiation induction, the inability to direct differentiation in this system makes it hard to assess if the differentiation state is truly permissive for retrovirus expression. We therefore took advantage of the fact that ES cells have totipotent differentiation capacity in vivo and can contribute to chimera formation. The tetraploid aggregation technique of Nagy et al. (42) allows development of 100% of ES cell derived fetal liver hematopoietic cells, an optimal environment for expression of MESV constructs (7, 14) . R1 ES clones, carrying either the high-or low-expression MESV-IL3 vector, were aggregated to primary morulae with a tetraploid set of chromosomes by electrofusion of two cellstage embryos. As expected, embryos developing from these aggregates were of completely diploid ES cell origin and contained a single intact provirus (Fig. 6) .
Embryos derived from either R1-MESV-IL3neo R (high expression) or R1-MESV-neo R IL3 (low expression) ES cells were sacrificed at day 15.5 of gestation and monitored for provirus expression. Previously, we have shown that low levels (Ͻ0.5 U) of endogenously synthesized IL-3 are sufficient to support growth of hematopoietic cells (34) and thus that monitoring of factor independent growth of hematopoietic cells is a sensitive assay to detect retrovirus-mediated expression of IL-3 in the transgenic animals. Thus, fetal liver cells were either cultivated as mass cultures or plated in hematopoietic colony assays for functional analysis of IL-3 expression. Fetal liver cells from four embryos from two independent transgenic lines were seeded at high densities (1 ϫ 10 6 to 5 ϫ 10 6 cells/ml) into medium with or without IL-3 as an exogenous growth factor. Whereas all control cultures in the presence of exogenous IL-3 proliferated over an observation period of 6 weeks until termination of the experiment, mass cultures initiated without IL-3, and thus dependent on auto-or paracrine IL-3 production, died within a week. Results from mass cultures were confirmed by plating fetal liver cells of three tetraploid aggregation embryos from two independent lines in hematopoietic colony assays either in the absence or presence of IL-3 and erythropoietin. Neither factor-independent colonies nor changes in colony distribution could be observed in vectorcarrying fetal liver cells (Table 5 ). Since hematopoietic cells produce the trans-acting factors required for high-level MESV expression (7), the lack of retrovirus expression must be due to a cis-acting mechanism, thus extending our in vitro results.
Global demethylation occurs in the morula during embryogenesis, followed by de novo methylation in the pregastrula stage. It was therefore of interest to see if the methylation pattern of the provirus was altered after in vivo differentiation. DNA was prepared from either total embryos or fetal liver cells. Analysis of DNA from the undifferentiated MESVIL3neo R ES cells used for the chimeras showed a high degree of methylation, as indicated by the quite high levels of undigested DNA remaining after digestion with either the methylation-sensitive SmaI or SacII enzyme (Fig. 7) . In contrast, the extent of proviral DNA methylation in the total embryo was somewhat reduced. Comparing the intensities of the 1,619-and 562-bp SmaI fragments with that of the undigested 1,879-bp band, the fraction of unmethylated DNA in the embryo is approximately 10-fold higher than in the original undifferentiated ES cell clone 10 used for aggregation. Although the overall degree of methylation was modulated during in vivo FIG. 6 . Embryos derived by the tetraploid aggregation technique are completely of R1 ES cell origin and contain an intact provirus copy. Embryo origin was confirmed by using a GPI assay (see Materials and Methods). CD1 embryos used for aggregation express either AB or BB isoforms, due to mating with preselected GPI BB males, whereas R1 ES cells express exclusively the A isoform. All embryos used for these studies (I, II, III, and VII) expressed the A isoform. Protein extracted from either limb bud or fetal liver was analyzed. The phenotypes of CD1 embryos (BB or AB) are also shown. The presence of an intact provirus in the ES-derived embryos was confirmed by Southern blot analysis. Genomic DNA was isolated and restricted with NheI, which cuts once in each LTR. As controls, both plasmid DNA (pMES-IL3-N or pMES-N-IL3) and the original transduced R1 ES cell lines were used. DNA immobilized on a nylon membrane after gel electrophoresis was hybridized with a Neo r -specific probe. differentiation, the MESV vector did not regain activity in a normally permissive differentiation stage. Exchange of the MESV promoter-enhancer with that of the ␤-actin housekeeping gene does not increase the transcription frequency or inhibit extinction of the provirus. Two levels of repression have been characterized in the above-described studies: one acting in the undifferentiated cells, resulting in a low mosaic pattern of expression, and a second that occurs during differentiation and leads to a shut-down of transcription. Although separate events, they may both be influenced by the viral enhancer sequences. Replacement of the viral enhancer with that of a cellular gene may protect the provirus from repression by flanking chromatin. We thus proposed that if the MESV enhancer region was replaced with that of a housekeeping gene, expression would be not only initiated but also maintained. We chose the strong ␤-actin enhancer-promoter due to the high number of potential binding sites for the Sp1 transcription factor, which is expressed at high levels in ES cells. The strategy used to introduce the ␤-actin promoter-enhancer in the U3 region of the 3Ј LTR is described in Materials and Methods. The 3Ј LTR of MESV-lacZneo R was exchanged with the actin LTR to create AcEV-lacZneo R (Fig. 2) . Titers of pseudotyped AcEV-lacZneo R vectors on both fibroblasts and ES cells were measured. Similar to MESV vectors, the vector was able to transfer G418 resistance to both cell lines at the same frequency (Table 1) . Replating and staining of five independent Neo r colonies gave results similar to those described above: LacZ expression was observed in only 30 to 78% of the cells of the replated colonies (Table 6) . A correlation between expression and methylation similar to that in cells transduced with MESV vectors was observed (data not shown). Finally, in vitro differentiation resulted in an average 75% decrease in expression frequencies compared to that for nondifferentiated controls (Table 6 ). In conclusion, exchanging the promoter-enhancer region of MESV with that of the ␤-actin gene did not either increase expression levels in undifferentiated cells or inhibit extinction in differentiating cells.
DISCUSSION
Early studies of retroviral infection of embryonal cells revealed two levels at which retrovirus expression is blocked, a trans-acting repression that could be relieved by cell differentiation and a cis-acting repression that prevented provirus expression in a retrovirus-permissive background (4, 21, 43, 56) . In contrast to Mo-MuLV-based retroviral vectors, MESV is permissive for LTR-mediated expression in embryonic cells and thus circumvents the first block to expression. The goal of this work was to determine if vectors based on MESV could be used to examine the second block to provirus transcription, which results in the irreversible extinction of transcription by a cis-acting mechanism. Although the existence of this secondary block to retroviral expression was described over 10 years ago, it is still poorly understood (4, 19, 43) . Increasing interest in extinction of retroviral transcription has developed due to the observation that similar mechanisms are also found in other cell types, including hematopoietic stem cells and primary fibroblasts and myoblasts (11, 27, 33, 44, 54) .
Our results identify two mechanisms by which provirus expression is repressed. One occurs in the undifferentiated cell, is associated with methylation, and is compatible with stable, long-term expression. The second occurs during early stages of differentiation, is not associated with increased methylation, and leads to complete extinction of provirus expression. Significantly, the repression observed in the undifferentiated state FIG. 7 . The methylation pattern of the MESV-IL3neo R provirus is altered after in vivo differentiation and does not correlate with changes in expression. DNA was prepared as described in the legend to Fig. 4 . DNA was digested with EcoRV either alone (lanes 1, 4, 7, and 10), with SacII (lanes 2, 5, 8, and 11), or with SmaI (lanes 3, 6, 9, and 12). DNA was hybridized with IL-3. The EcoRV band corresponding to the endogenous (endo) IL-3 gene is indicated; it does not contain internal sites for either SmaI or SacII. IL-3 expression levels are indicated. Lane M, molecular size marker. n.d., not determined. a CCE ES cells were infected with the indicated vector, and independent clones selected by growth in G418 were isolated and tested for LacZ staining before and after differentiation induction.
b Mean values (Ϯ standard deviations) obtained at day 0 before differentiation induction in two or three independent experiments.
c Mean values (Ϯ standard deviations) obtained at either day 5 or 7 after differentiation induction in two or three independent experiments.
d Ratio of LacZϩ colonies in differentiated cultures to those in undifferentiated cultures.
did not result in extinction of provirus expression. Cell populations maintained without selective pressure continued to maintain the same proportion of cells expressing the provirus, suggesting a stochastic and reversible repression. This is in contrast to provirus expression after differentiation induction, where a striking decline in transcription frequency was observed. This was also observed in ES-derived hematopoietic cells, which are normally a highly permissive environment for MESV expression. The latter mechanism of repression is thus most likely responsible for the irreversible extinction of provirus expression in differentiated ES cells and the developing embryo. Extinction must occur during early stages of differentiation, as previous studies have shown that EC and ES cells are permissive for expression after 7 to 10 days of differentiation (4, 56) . Thus, the developmental window in which extinction is most active may be quite small. This is in agreement with retroviral infection studies of developing embryos (53) . It is likely that the extinction process is part of a protective mechanism of the embryo. The role of methylation remains unclear, but it appears to correlate with transcription repression but not with complete extinction.
Although provirus extinction after in vivo differentiation of Mo-MuLV-infected embryos is well documented (30) , retroviral vectors expressing a transgene from an internal promoter were not silenced in mice generated by infection of preimplantation embryos or via ES cell chimeras (59, 62) . Expression of the transgene via either ␤-globin or a thymidine kinase promoter was readily observed in each of three independent transgenic lines investigated for each construct. In the study presented here, over 18 independent integration sites were investigated after either in vitro or de novo differentiation, and in all cases MESV expression was either not detectable or reduced by more than 100-fold compared to that normally observed in fibroblasts or other permissive cells (e.g., hematopoietic cells). Repression was not specific to the viral promoter-enhancer, as complete exchange of the MESV promoterenhancer domain with that of an endogenous cellular gene (the ␤-actin gene) did not alter the overall extinction frequency.
As the extent of repression for both events is dependent on the integration site, the surrounding chromatin structure of the integrated provirus must be a key determinant in the repression process. Inactivation of a gene in various numbers of cells upon integration near inactivating chromatin has been described for Drosophila (25) , yeast (2) , and mice (52) and has been termed position effect variegation (PEV). Although the initiating events (e.g., telomeric positioning or X chromosome inactivation) in these various phenomena may be different, they may have a mechanism in common with the silencing described here that is increased during differentiation. Silencing in PEV is facilitated by a large number of protein factors, many of which are known to be components of the chromatin. It has been postulated that transcriptional promoters and enhancers act to suppress PEV by antagonizing repression by flanking chromatin (3, 16, 45, 46, 69) . Significantly, several of the transcription factors that bind to the MESV or Mo-MuLV enhancer domain are not present or are present at only low levels in ES cells, thus preventing enhancer function (8, 20, 61) . We therefore postulate that MESV provirus lacks the appropriate enhancer elements necessary to antagonize the repressive activity of chromatin in ES cells.
In conclusion, we have defined two stages at which provirus transcription is repressed. Significantly, repression that occurs during early stages of differentiation is the most predominant and leads to extinction of expression. Experiments are being carried out to test whether incorporation of enhancer elements known to open or remodel chromatin structure within the MESV LTR can overcome this cis-acting repression of expression in early embryonic cells (15, 48, 57) .
